Aberrant glycosylation of cell membrane and secreted glycoproteins is a hallmark of various disease states, including cancer. The natural lectins currently used in the recognition of these glycoproteins are costly, difficult to produce, and unstable towards rigorous use. Herein we describe the design and synthesis of several boronic acid functionalized peptide-based synthetic lectin (SL) libraries, as well as the optimized methodology for obtaining peptide sequences of these SLs. SL libraries were subsequently used to identify SLs with as high as 5-fold selectivity for various glycoproteins. SLs will inevitably find a role in cancer diagnositics, given that they do not suffer from the drawbacks of natural lectins and that the combinatorial nature of these libraries allows for the identification of an SL for nearly any glycosylated biomolecule.
Introduction
Most membrane-bound and secreted proteins possess a variety of glycan structures linked to Ser, Thr, and Asn residues. [1] In healthy cells, these various glycans play important roles in mediating cell-cell interactions, protecting proteins from degradation, and, most importantly, in cell signaling. [1] In cancerous cells, however, specific glycans, e.g. sialyl Lewis X (sLe x ), are known to be over-, under-, or newly-expressed on particular types of tumor cells, and these changes are known to alter the ability of tumor cells to grow, divide, and metastasize. [1] [2] [3] [4] [5] Significantly, these changes in glycan expression can be used as diagnostic predictors of morbidity and mortality. [6] While the aberrant expression of numerous glycans has been associated with advanced stages of cancer, these same saccharides are also present in the initial stages of the disease. Therefore, the opportunity to detect cancer early exists based on the development of compounds (e.g., synthetic lectins) capable of sensing these predictive saccharides.
(carcinoembryonic antigen). CEA is an aberrantly glycosylated glycoprotein that possesses high levels of sLe x and elevated levels of CEA in the blood exhibit a strong, positive correlation with an increased risk of relapse and metastasis. [9] Although the CEA test is used to routinely monitor the post-operative serum levels of CEA in colon cancer patients, it is only effective in 4% of stage I and 25% of stage II cancers, stages where the disease is most treatable. [11] Similarly, the serum levels of sLe a , also known as the CA19-9 antigen, are commonly used as a colon cancer diagnostic, although it too suffers from similar drawbacks. [12, 13] Although these and other tests have proven valuable, they rely on either antibodies or natural lectins (i.e., glycan binding proteins). These biomolecules suffer from serious drawbacks, including instability towards rigorous use, high cost, and difficulty to produce, as well as the fact that most natural lectins and antibodies for cancer associated glycans have not been identified. The preponderance of false positives and the limitations outlined above for existing tests, coupled with the established value of the targeted saccharides, not only justifies, but necessitates, the development of novel diagnostic approaches targeting aberrant glycosylation that can be used as a screen for cancer.
To this end, we and others have previously described the design and synthesis of synthetic lectins (SLs) that incorporate boronic acids. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Boronic acids are used because they form covalent, and yet reversible interactions with the 1,2 and 1,3 cis diols present on many saccharides. These boronic acid-based synthetic lectins are advantageous over natural lectins due to their ease of synthesis, inherent stability towards rigorous use, and relatively low expense. Also, the combinatorial nature of SL libraries allows for the identification of SLs that bind to cancer associated biomarkers for which natural lectins have not yet been identified. Previous work from our lab has demonstrated the utility of boronic acid functionalized peptide based SLs in binding to glycoproteins. [27] SLs that bind to a particular analyte were identified from a combinatorial library, utilizing fluorescently tagged analytes. Note that both SLs selective for a particular glycoprotein and those able to bind several different glycoproteins, termed cross-reactive, were identified. The incorporation of both selective and cross-reactive SLs into an array based format, similar to established DNA based arrays, [28] [29] [30] will allow for the detection of the number and type of carbohydrates present in sera and tissue samples. Furthermore, we predict that the arrays will be able to identify cancer-specific glycosylation patterns, thereby negating false positives and limiting the need for more invasive procedures.
Herein, we describe our efforts to optimize SL library design, identify SLs that bind to proof-of-concept glycoproteins, and validate that these hits can selectively recognize glycoproteins. Furthermore, the methodology for sequencing these SLs, which has been problematic in the past, has been optimized, utilizing a unique set of reactions to remove the boronic acid moiety prior to sequencing. These studies highlight the intricacies of designing a synthetic lectin library and demonstrate that it is possible to use this approach to identify SLs that recognize a particular glycoprotein with as high as 5-fold selectivity versus another glycoprotein. These results provide definitive proof-of-concept for our approach to discovering SLs that can be used for the diagnosis, and potentially the treatment, of cancer.
Results and Discussion
Previous work from our lab has shown that a phenylboronic acid (PBA) functionalized peptide library, containing only alanine and diamino acids (to attach the PBA moiety), can exhibit selectivity for glycoproteins containing unique glycan structures (e.g., ovalbumin (OVA), bovine submaxillary mucin (BSM), and porcine stomach mucin (PSM)). [27] Termed the Low Diversity Library (LDL), this library demonstrated our ability to design, synthesize, and identify SLs that could bind particular glycoproteins, although the hit rate (i.e., percentage of strongly fluorescent beads within a screening) was somewhat high for this library (~10%). Additionally, the determination of peptide sequences from this library via both Edman and MS/MS based methodologies was problematic. We considered the possibility that the high hit rate was due to non-specific binding, suggesting that the isolated SL "hits" may not have been strong binders. This prompted the design and synthesis of several higher diversity libraries which had significantly lower hit rates, suggesting that the high hit rate for the LDL may be due to non-specific binding.
Given that our original library incorporated only alanine and four diamino acids, i.e., diamino propionic acid (Dpr), diaminobutanoic acid (Dab), ornithine (Orn), and Lys, we considered the possibility that the relatively high hit rate obtained with this library was due to a lack of diversity within the library. To address this possibility, a 'High' Diversity Library (HDL) containing 17 of the 20 natural amino acids was synthesized. The sequence of this library is Cbz-A-(X) 10 -BBRM-resin; where B is beta-alanine and X is one of the 17 natural amino acids used. The Met on the C-terminus is used for orthogonal cleavage from the resin using cyanogen bromide, the Arg aids in MS/MS sequencing of the peptide, and the beta-alanine acts as a spacer to project the SL away from the resin. Cys, Met, and Ile were excluded from the library, due to its high reactivity, its use in cyanogen bromide cleavage, and disambiguation of isomers (Leu versus Ile), respectively. Standard Fmoc protocols were used for library synthesis and acid-labile side-chain protecting groups were cleaved in one step, after incorporation of the boronic acid. Orthogonally protected (ivDde) lysine was used during synthesis because the ivDde group can be selectively removed with hydrazine to allow for the installation of the PBA moiety onto the diamino acid side-chain amine via reductive amination of 2-formylphenylboronic acid (Scheme 1).
The library was synthesized using a biased split-and-pool combinatorial approach that on average resulted in the incorporation of 4 boronic acids per peptide. All libraries were synthesized on TentaGel amino resin (320 μm) because it is dynamic in aqueous and organic solvents, stable in acidic solutions, and provides a good balance between loading capacity, which is important for peptide sequencing, and the number of beads per gram, which is important for sequence diversity.
This library was screened against several fluorescently labeled proof-of-concept glycoproteins (i.e., OVA, PSM, and BSM) by incubating a portion of the library (e.g., 5 mg of library resin) with a tagged analyte (e.g., FITC-OVA). Note that screening smaller portions of the library, rather than the entire library at once, improves the signal to noise, thereby increasing the likelihood of identifying hits, or beads with a luminosity at least 30% greater than the library average. For library screens, the library was first soaked briefly in Screening Buffer (100 mM NaH 2 PO 4 , 150 mM NaCl, 10% glycerol, pH 7.2) and then preblocked with 1 mg/mL bovine serum albumin (BSA) in Screening Buffer to reduce nonspecific binding. Glycerol was added to the buffer used for wetting, pre-blocking, and glycoprotein incubation to compete with weak boronic acid binders. The resin was then incubated with, for example, 0.5 mg/mL FITC-OVA in Screening Buffer plus 1 mg/mL BSA for 18 h at 23 °C. After washing the resin three times with PBS (100 mM NaH 2 PO 4 , 150 mM NaCl, pH 7.2) to remove unbound analyte, fluorescent beads were visualized using a fluorescent stereoscope. Hits were picked manually, and for the brightest beads, presumably the strongest binders, we attempted to directly determine the sequence by first boiling in 1% SDS for 1 h to remove bound analyte, before cleaving the peptides from the resin using 40 mg/mL cyanogen bromide under acidic conditions. Cleavage reactions were dried in vacuo, and MS and MS/MS data acquired.
Although this library had a decreased hit rate (Table 1) , presumably due to its increased diversity, it had relatively high background fluorescence and proved quite difficult to sequence. It was reasoned that by reducing the number of different amino acids used in the library synthesis, we could increase the likelihood of determining peptide sequences. In order to test this theory, a library termed the Neutral 'Medium' Diversity Library (NMDL), of the same general sequence as the HDL, i.e. Cbz-A-(X) 10 -BBRM-resin, was synthesized using the methodology outlined above and incorporating only 11 of the 20 natural amino acids. Excluded from this library were any charged amino acids, as well as Pro, Met, Cys, Ile, and Trp.
This library was screened against FITC-labeled OVA, BSM, and PSM as described above and had a similar hit rate (~1%) to the HDL ( Table 1 ), indicating that even though the theoretical diversity of the NMDL was not as great as that of its predecessor, this library was still diverse enough to generate selective SLs. Nevertheless, this library displayed relatively high background fluorescence, similar to the HDL, and still proved difficult to sequence using MS based techniques (i.e., Partial Edman Degradation and MS/MS sequencing).
Given our observations with previous libraries, we considered the possibility that the high background fluorescence could be due to the use of Lys as the site of PBA incorporation. The long, flexible side-chain in Lys can adopt numerous conformations capable of binding the target analyte, if only weakly, thereby increasing background noise. To evaluate this possibility, the Dab NMDL was synthesized, where Lys was replaced with Dab, because it was expected that the shorter side-chain of Dab (4 methylene units for Lys versus 2 for Dab) would allow for increased pre-organization and enhanced secondary interactions with the peptide backbone, thereby decreasing non-specific binding and increasing selectivity. Note that Edwards et al utilized Dab in their peptidyl library for the same reason. [31] This library incorporates the same amino acids, utilizes the same synthetic methodology, and is of the same general sequence as the NMDL, thereby allowing for direct comparison of the effects of the different diamino acid side-chains.
This library, and the NMDL, which incorporates the PBA moiety via Lys, were screened in parallel against the same set of proof-of-concept glycoproteins. As expected, a slightly lower hit rate was observed for the Dab NMDL (Table 1 ). This suggests that by increasing library pre-organization, it is possible to identify hits that are more selective for a particular analyte. Also as expected, the incorporation of Dab in place of Lys further decreased non-selective binding, as indicated by the decreased background fluorescence and increased library differentiation. Representative data obtained for the screening of FITC-OVA is depicted in Figure 1 . Note that the chart in this figure is a binning chart, in which individual bead luminosities are plotted for each screen. The greater spread in the data obtained for the Dabcontaining library, versus the otherwise identical Lys-containing library, is an indication of greater differentiation and selectivity for binding the targeted glycoprotein. Even though selective hit identification was enhanced upon Dab incorporation, it was still difficult to consistently obtain peptide sequences using MS/MS methodologies.
In order to explore the importance of charge within the SL library, a library of the same general design as the NMDL was synthesized, utilizing 12 of the 20 natural amino acids, excluding Pro, Met, Cys, Ile, and Trp, as well as any charged amino acids except for Arg. It was hypothesized that the positively charged guanidinium group of Arg would form a favorable salt bridge with negatively charged sialic acid moieties commonly found on cancer related glycoproteins, as well as on two of our proof-of-concept glycoproteins (i.e., BSM and PSM). This library was synthesized with the general sequence Cbz-A-(X) 10 -BBRM-resin using the methodology described above. Subsequent screening indicated that the Arg containing library exhibited mildly increased diversity versus the Dab NMDL, allowing us to conclude that the addition of Arg into a library can enhance the binding strength and selectivity of SLs. Although optimization of library design allowed for recognition of selective SLs, the sequencing of these SLs was still problematic.
Initial sequencing efforts focused on utilizing the partial Edman degradation (PED) technique. [32] Unlike traditional Edman peptide sequencing, which immobilizes a resin bound peptide, removes one amino acid at a time, and analyzes it by high-performance liquid chromatography (HPLC), PED uses a mixture of capping and degradation reagents to produce a latter of peptide fragments on the bead, which can be cleaved and analyzed by MALDI-TOF MS ( Figure 2 ).
In example, a small portion of beads with free N-termini were treated with a 25:1 mixture of phenyl isothiocyanate (PITC) and Fmoc-O-succinimide (Fmoc-OSU) under basic conditions. Upon subsequent treatment with TFA, those peptides capped with PITC would undergo a degradation reaction to remove one amino acid, while those capped with Fmoc remained intact. This process was repeated several times to generate the peptide ladder before removing the Fmoc groups, cleaving the peptides from the resin, and analyzing by MALDI-TOF MS. Although his technique worked moderately well with known peptide sequences, overall the spectra were quite poor, with low signal-to-noise ratios, making it difficult to identify the peaks corresponding to the laddered peptides.
It was considered that the difficulty obtaining peptide sequences was potentially due to the presence of the boronic acid moiety. To evaluate this possibility, we explored several techniques for removing this moiety from the SL prior to MS-based sequencing. Treatment of the resin bound SL with hydrogen peroxide in water successfully oxidized the phenylboronic acid to a phenol. [33] Upon cleavage from the resin with CNBr and subsequent analysis by MALDI-TOF MS it was observed that the PBA moiety had in fact been completely removed, leaving the free amine (Scheme 2 and Figure 3 ).
To further explore the oxidation and cleavage reactions that appeared to cause complete removal of the PBA moiety before sequencing, an all Ala SL was synthesized with differing groups appended to Dab. This peptide, of the sequence Ac-AAAD*AAABBRM-resin, was synthesized on amino terminated TentaGel resin using the Fmoc strategy, where D* is modified Dab. Upon removal of the Dde protecting group from Dab, the free amine was reductively aminated with either benzaldehyde, salicylaldehyde, or 2-formylphenylboronic acid, to give Ala-H, Ala-OH, or Ala-BOH respectively (Scheme 3).
Each compound was subjected to various conditions (Table 2 ) and analyzed by MALDI-TOF to explore the mechanism of removal of the PBA moiety from an SL. Observed masses and their corresponding structures are summarized in Table 3 . In testing Ala-H (Figure 4) , no difference was seen between the control (Test A) and oxidized Ala-H (Test B), as both exhibited major peaks at 1058.7 Da and 1080.7 Da, corresponding to the expected m/z for Ala-H (compound 2) and the sodium adduct of Ala H, respectively.
CNBr cleavage of Ala-BOH ( Figure 5 ) (Test C) resulted in the formation of the dehydrated boronic acid form of Ala-BOH with an m/z of 1084.8 Da (compound 4). Oxidation and subsequent cleavage of Ala-BOH (Test D) resulted in complete removal of the PBA moiety, giving a major m/z of 968.7 Da (compound 1). Interestingly, the peak at 1152.7 Da exhibits a bromine isotope pattern and corresponds to Ala-OH, the predicted oxidation product of Ala-BOH, plus bromine. This peak does not normally show up in spectra of our library SLs and is thought to be a unique adduct for this model compound. It was thought that by following oxidation of Ala-BOH with an acylation step before cleaving it from the resin (Test E), we might be able to trap the predicted phenol intermediate by either limiting the phenol or benzyl amine reactivity. Several peaks are observed in this spectrum, corresponding to dehydrated Ala-BOH (1084.7 Da; compound 4) and hydrated Ala-BOH plus one acyl group (1143.8 Da; compound 5), presumably on the benzyl amine. The other two major peaks in this spectrum correspond to the mono-and di-acylated versions of the oxidized Ala-BOH (Ala-OH) (1116.8 Da and 1158.8 Da; compounds 6 and 7, respectively), presumably on the either the benzyl amine, phenol, or both. This supports the theory that treatment with hydrogen peroxide does convert the PBA moiety to a phenol and that this phenol is an important intermediate in the removal of PBA from SLs.
The last set of tests were performed to explore the reactivity of Ala-OH (Figure 6 ), the predicted product after Ala-BOH oxidation. Perhaps not surprisingly, simple treatment of this compound with CNBr (Test F) to remove it from the resin results in removal of the phenol moiety to give the free amine (968.7 Da; compound 1). This spectrum is not particularly clean, as some intact Ala-OH is still present (1074.7 Da; compound 3). Interestingly, treatment of this compound with hydrogen peroxide before cleavage (Test G) results in a cleaner spectrum, with nearly all Ala-OH being converted to free amine. Note that again, the unique bromine adduct is observed at 1152.7 Da. Lastly, Ala-OH was first acylated and then treated with CNBr (Test H), resulting in the starting Ala-OH plus either one or two acyl groups (1116.8 Da or 1158.8 Da; compounds 6 and 7, respectively), a similar result to Test E with Ala-BOH.
The results of this testing suggest that both the phenol and the secondary benzylic amine are necessary for complete removal of this moiety. Work with compounds of this nature suggests that o-hydroxy benzyl amines are capable of readily oxidizing to a quinine methide at slightly decreased pH (Scheme 2). [34] While removal of the PBA moiety resulted in much cleaner MS/MS spectra, on average, complete sequence information could only be obtained for ~50% of the hits we attempted to sequence. Therefore, it was hypothesized that simplification of the library design may aid in successfully obtaining hit sequences, and as such a library with the general sequence Ac-RXD*XXXD*XBBRM-resin, where the positions of the PBA moieties were fixed was synthesized; D* denotes PBA functionalized Dab, B is beta-alanine, and X is a randomized amino acid. Known as the Fixed Position Library (FPL), this design approach was taken because it was expected that the fixed PBA groups would provide known mass differences that could be used to aid in the interpretation of MS/MS spectra. Although this library has a lower theoretical diversity (~1.6 × 10 5 ) than the other libraries tested, the complete diversity space for this library could not be exhausted based on 1 gram of synthesized library (~6.5 × 10 4 ), as was the synthetic scale for the higher diversity libraries discussed above. In this regard, considerable work has shown that efficient and effective sensors and ligands have been isolated from combinatorial libraries with similar or even significantly lower theoretical diversities. [35] [36] [37] [38] [39] [40] Arginine was included at the N-terminus because the positive charge of this amino acid was expected to aid ionization during MS analyses and provide for favorable interactions with the negative charge present on sialylated glycoproteins.
The FPL was initially screened against FITC-OVA, demonstrating that this library possessed comparable background fluorescence to the 'medium' diversity libraries described above (i.e., Lys NMDL, Dab NMDL, and Arg MDL), with only a slightly higher hit rate (Table 1 ). These data indicate that decreasing the number of PBA moieties from ~4 to 2 did not affect the ability of the library to differentiate different glycoproteins. This library was then screened against FITC-labeled OVA, BSM, and PSM and hits were picked manually. After washing with 1% SDS, sequences were obtained by treating individual beads with hydrogen peroxide followed by cyanogen bromide (to remove the PBA moiety and cleave the peptide from the resin) and subsequent MS/MS analysis. Note that the defined structure of this library allowed for sequencing of greater than 80% of the hits isolated, including SL1 and SL2, which were isolated from a screen selecting for OVA-specific SLs (Table 4 ).
SL1 and SL2 were re-synthesized and their selectivity and cross-reactivity evaluated by incubating small sets of the re-synthesized SLs (20 to 50 beads) with fluorescently-tagged analytes at a concentration of 0.1 mg/mL. Note that BSA is not a glycoprotein but was used as a control to assess non-specific hydrophobic protein binding to the SLs. Also note that since there is some natural heterogeneity in glycoproteins, causing variation in the screening data, at least 20 replicates were selected from each screening.
Similar size sets of the fixed position SL library were treated identically to serve as a statistical background/reference. This approach was taken because the different glycoproteins used in these investigations exhibit differing degrees of glycosylation and fluorescent labeling; thus, using non-normalized fluorescence intensities gave misleading information about SL selectivity. Data normalization began by subtracting the fluorescence intensity of the library from the fluorescence intensity of the re-synthesized SL. The obtained difference provided a relative value for the binding affinity of a particular analyte to a specific SL referenced against a statistically constant background control. Dividing this difference by the fluorescence intensity of the library provided the percent change in binding of the SL over the library for any given analyte (Figure 7) . This manipulation puts all data on the same linear scale regardless of the extent of labeling and glycosylation for each analyte.
A selectivity factor (Table 5 ) was calculated by dividing the percent increase for each analyte by the percent increase of the weakest binder within an SL screening. To compare the selectivity of an SL between two glycoproteins, simply divide the selectivity factors for each glycoprotein, which affords a relative fold-selectivity. SL1, selected from screening the library against OVA, was cross-reactive, showing little selectivity for any of the analytes screened (Tables 5) . Also, SL1 shows a relatively high average luminosity when treated with FITC-BSA, indicating that this SL exhibited nonspecific protein binding, which may account for the observed cross-reactivity. SL2 exhibited moderate selectivity for OVA, although it did exhibit some non-specific binding to BSA. This was demonstrated by the fact that SL2 bound OVA with ~3 fold selectivity over BSM and ~5 fold selectivity over PSM but only 2-fold selectivity over BSA. These results were particularly gratifying because they demonstrated that this approach is capable of identifying SLs that recognize glycoproteins with moderate selectivity.
To investigate whether the importance of the multivalent, bead based display of SL2 is important for a strong SL2-OVA interaction, a soluble SL2 analogue (sSL2) was synthesized on Rink amide resin and purified by HPLC. This soluble SL was then added to standard SL2-FITC-OVA screenings at varying concentrations, to see at what concentration competition for OVA binding occurred (i.e., when the beads began to look dimmer). The data indicate that millimolar concentrations of sSL2 are required for the fluorescent intensity to begin to diminish (Figure 8 ). These results indicate that the multivalent nature of the bead based SLs is important for a strong interaction between the SL and the glycoprotein. To further explore SL-glycoprotein binding, and, in particular, the importance of the boronic acid-carbohydrate interaction on the strength of binding, a derivative of SL2 was synthesized where the boronic acid functionalized Dab moieties were substituted with Ala (i.e., SL2-Ala). This SL was screened against OVA, BSM, PSM, and BSA to evaluate its selectivity ( Figure 7) . Interestingly, this SL exhibited essentially no binding with any of the analytes screened, including OVA; the glycoprotein that boronic acid functionalized SL2 bound to with good affinity. These results indicate that the boronic acid-carbohydrate complex is the major component of a strong SL-glycoprotein interaction, at least with respect to SL2.
Conclusions
Herein are described efforts towards developing an SL library that covers a large diversity space and exhibits excellent binding selectivity towards a variety of glycoproteins, as well as the development of methodologies for readily sequencing boronic acid-based SLs using MS/ MS techniques. From these efforts, it was determined that the incorporation of PBA moieties onto Dab, rather than Lys, decreases background fluorescence by reducing non-specific binding, likely as a result of increased pre-organization of the SL binding site. Also, a novel series of reactions was identified that completely removes the amine-linked PBA moiety from a SL, allowing for unambiguous sequence determination. Successful high throughput screening of an optimized library, the Fixed Position Library, was demonstrated against proof-of-concept glycoproteins. Subsequently, SLs exhibiting selective binding for specific glycoproteins were identified, sequenced, and their binding characteristics validated. Several selective and cross-reactive SLs have been identified for OVA, including SL2, which exhibits as high as ~5-fold selectivity for this glycoprotein.
Having developed the methodology to synthesize, screen, and sequence bead based SLs, current work in the area of library design is focused on tuning the boronic acid moiety to improve reactivity and selectivity. Also, efforts are underway to identify highly selective, as well as cross-reactive SLs for cancer associated glycans and glycoproteins (e.g., sLe x , sLe a , and CEA), assemble these into a diagnostic array, and probe the SL-glycoprotein interaction.
Experimental Methods

Chemicals
Glycoproteins and FITC were purchased from Sigma-Aldrich (Milwaukee, WI). Fluorescently labeled glycoproteins were prepared and validated as previously described. [27] Fmoc-protected amino acids and O-Benzotriazole-N,N,N′,N′-tetramethyl-uroniumhexafluoro-phosphate (HBTU) were purchased from Novabiochem Corp (Gibbstown, NJ). TentaGel resin (Cat. No. MB-300-002; loading level 0.25-0.30 mmol/g) was acquired from Rapp Polymere (Tübingen, Germany). All other chemicals were purchased from Acros Organics (Morris Plains, NJ) and used without further purification.
Microscopy
All fluorescent images were taken using a Leica MZ 16F microscope equipped with a GFP filter set (excitation 450-490 nm; emission filter 500-550 nm), and a QImaging MicroPublisher 5.0 RTV digital camera. The images were analyzed with Adobe Photoshop, using the marquee tool to select the entire bead, obtaining luminosity values that represent the fluorescent intensity of individual beads. High average luminosity values correspond to brighter beads that presumably bind strongly to the analyte under study.
General library design
All libraries were synthesized using standard Fmoc/HBTU chemistry on amino terminated TentaGel resin (320 μm) that had first been derivatized with the following sequence: BBRM; B is beta-alanine and was included as a spacer to project the SL away from the resin. The Met and Arg residues were included to permit orthogonal cleavage of the peptide from the resin using cyanogen bromide, and aid ionization during MS/MS sequencing of the peptide, respectively. Randomized amino acids were then introduced using the split-andpool methodology. [27] Cbz-Ala-OH or alternatively, Arg followed by acylation with acetic anhydride, was used to cap the N-terminus. Dde or ivDDE protected diamino acids were incorporated to provide a side chain handle on which to attach phenyl boronic acid moieties by reductive amination; the Dde or ivDDE protecting group was used because it can be removed, in an orthogonal fashion to the other side chain protecting groups, using hydrazine. The reactive side chains of all other amino acids were protected with acid-labile protecting groups. For all libraries, save the fixed position library, a biased split-and-pool combinatorial method (see below) was used for library synthesis. The procedures for coupling BBRM were the same for all of the libraries.
Synthesis of the BBRM sequence
All reactions were performed at ambient temperature unless otherwise specified. For example, TentaGel resin (200 mg; 0.05 mmol; ~12,800 beads) was swollen in DMF for 10 min. The DMF was removed and Fmoc-Met-OH (4 eq, 0.2 mmol, 74.3 mg), preactivated with HBTU (4 eq, 0.2 mmol, 75.9 mg) for 10 min in 5% N-methylmorpholine in DMF, was then added. After tumbling for 45 min, unreacted amino acid was removed by vacuum filtration, and the beads were then washed with DMF, methanol (MeOH), and DMF. Piperidine (20% in DMF; 10 mL; 10 min; 2x) was then used to remove the Fmoc group. The same procedure was used to subsequently couple arginine, and the two β-alanines.
Synthesis of High Diversity Library
The sequence of this library was Cbz-A-(X) 10 -BBRM-resin, where X is a randomized amino acid. Amino acids incorporated into the 10 randomized positions included: Ala, Gly, Pro, Val, Leu, Ile, Phe, Tyr, Ser, Thr, Asn, Gln, Lys, Arg, His, Asp, and Glu. Both Boc and ivDde protected Lys were used in this library; Lys-ivDde was used for coupling the PBA moiety and Lys-Boc was used in the randomized portion of the library as a positively charged amino acid. Resin which already contained the BBRM sequence was divided into 18 filtered vials by adding DMF (28 mL) to the beads, agitating them to a homogeneous suspension, and transferring 11 mL (~5000 beads) of the DMF containing beads to one vial and 1 mL (~450 beads) of the mixture to each of the remaining 17 vials. The DMF was then removed by vacuum filtration. The vial containing the 11 equivalents of resin was then treated with Fmoc-Lys(ivDde)-OH (4 eq, 0.08 mmol, 42.6 mg) activated with HBTU (4 eq, 0.08 mmol, 30.3 mg) to couple the ivDde-protected Lys, incorporating a statistical average of 4 PBA moieties per peptide. To the remaining 17 vials, which each contained one equivalent of resin, was added one of the 17 different amino acids (4 eq, 0.007 mmol) and HBTU (4 eq, 0.007 mmol, 2.7 mg). The coupling reactions were allowed to proceed for 45 min, at which point, the reaction solutions were drained, and the beads subsequently washed sequentially with DMF, MeOH, and DMF by adding the wash solution, agitating the resin, and then removing the solution by vacuum filtration. The beads were then combined, randomized, and the next amino acid coupled using the methodology outlined above. After incorporation of the last randomized position, the beads were combined, washed, and the Nterminus capped with Cbz-Ala-OH (4 eq, 0.20 mmol, 44.6 mg).
Incorporation of Phenyl Boronic Acid
The DDE or ivDde protecting group of the side-chain amine on a diamino acid was removed by tumbling the resin in hydrazine monohydrate (10 mL, 2% (v/v) in DMF) for 1 h. 2-formylphenyl boronic acid (8 eq, 0.8 mmol, 119.95 mg) was dissolved in a mixture of 10% methanol in DMF. This solution was added to the resin along with activated 3Å molecular sieves and was tumbled at 37 °C overnight. NaBH 4 (8 eq, 0.8 mmol, 30.26 mg) was added, gas was evolved, and the resin was tumbled at 37 °C for 4 h. The beads were then sequentially washed with DMF, MeOH, and DMF. Molecular sieves were then removed by floating off the resin with CH 2 Cl 2 , followed by further washing with DMF, MeOH, and DMF. Subsequently, the acid-labile protecting groups were removed by tumbling in 95% trifluoroacetic acid (TFA), 2.5% water, and 2.5% triisopropysilane (TIS) (10 mL) for 1 h. The beads were then washed again with DMF, MeOH, DMF, and MeOH. Resin was dried by aspiration and stored at −20 °C.
Synthesis of Neutral Medium Diversity Library
The sequence of this library is Cbz-A-(X) 10 -BBRM-resin. Amino acids incorporated into the 10 randomized positions include: Ala, Gly, Val, Leu, Phe Tyr, Ser, Thr, Asn, and Gln. For this library, Lys(ivDde) was used as the site of boronic acid incorporation and a statistical average of 4 PBA moieties per peptide were incorporated. Library synthesis was accomplished by suspending the beads in DMF (17 mL), transferring 7 mL of the DMF/bead mixture into 1 vial and 1 mL of the mixture to 10 smaller vials. The vial containing the larger amount of resin was then coupled to Fmoc-Lys(ivDde)-OH (4 eq, 0.02 mmol, 10.65 mg), activated with HBTU (4 eq, 0.02 mmol, 7.6 mg). The remaining 10 vials were coupled to the 10 different amino acids (4 eq, 0.003 mmol) as described above. The synthesis of the remainder of the library proceeded similarly to the methods outlined above. The N-terminus of this library was also capped with Cbz-Ala-OH, and the PBA moiety incorporated identically.
Synthesis of Dab Neutral Medium Diversity Library
The sequence of this library is Cbz-A-(X) 10 -BBRM-resin. The only difference between this library and the Neutral Medium Diversity Library is that, for this library, Dde-protected Dab is used as the diamino acid for PBA installation instead of Lys.
Synthesis of Arg-Dab Neutral Medium Diversity Library
Synthesis of this library is similar to that for the Dab Neutral Medium diversity library just described. The only difference is that the randomized amino acids also include Arg.
Synthesis of Fixed Position Library
The general sequence of this library is Ac-RXD*XXXD*XBBRM-resin where D* denotes Dab and X is a randomized amino acid (i.e., Ala, Gly, Val, Leu, Phe Tyr, Ser, Thr, Asn, Arg, and Gln). The BBRM resin was split equally into 11 different tubes by suspending the beads in 11 mL of DMF and transferring 1 mL of this homogeneous solution to 11 different tubes. Subsequently, each portion was coupled with a different amino acid, combined together in a fritted reaction column, washed, the Fmoc group removed, and Dde-protected Dab installed as previously described. The split-and-pool method described above was then used to incorporate three randomized positions, at which point the second Dde-protected Dab moiety was installed. The beads were divided equally to permit the incorporation of the final diversity element. The beads were recombined, and the N-terminal Arg was coupled to the resin. The peptide was then N-terminally acetylated by treating the resin with 10 mL of CH 2 Cl 2 containing 5% acetic anhydride and 5% pyridine. The PBA moiety was incorporated, and the acid labile protecting groups removed, as described above.
General Screening Process
Library beads (2 to 10 mg) were added to a 1.5 mL microcentrifuge tube, and equilibrated by tumbling in Screening Buffer (100 mM NaH 2 PO 4 , 150 mM NaCl, 10% glycerol, pH 7.2) for 10 min. Note that 10% glycerol was added to prevent weak binding to the SLs. The Screening Buffer was then removed, and the resin tumbled in 1% BSA in Screening Buffer for 15 min to prevent nonspecific binding. After removal of this solution, the beads were tumbled with a FITC-tagged glycoprotein (0.1 mg/mL) in Screening Buffer containing 1% BSA for ~20 h. Resin was subsequently washed three times with PBS (100 mM NaH 2 PO 4 , 150 mM NaCl, pH 7.2) to remove non-specifically bound protein and fluorescent images were obtained using the methodology outlined above. Highly fluorescent beads were manually picked, and stored for peptide sequence determination.
Glycoprotein Removal
To obtain the peptide sequences of SL hits, beads were first treated with alternating acid, base washes to remove the FITC-tagged glycoproteins. This procedure involved tumbling the beads with 70% TFA for 20 min, washing with Screening Buffer for 2 min, then treating them with 0.1 M NaOH for 20 min, followed by a second Screening Buffer wash. This procedure was repeated once, at which point the beads were washed with Screening Buffer three times, and then treated with 1% SDS in water for 1 h at 100 °C.
Partial Edman Degradation
Partial Edman degradation (PED) reactions were performed according to the methods developed by Pei and colleagues. [32] Briefly, a homemade glass reaction vessel measuring 25 mm high with an internal diameter of 10 mm was used for all reactions. One end of the vessel was equipped with a fine frit filter and a Luer tip and the other end with a screw cap. A solution containing Fmoc-O-succinimide (Fmoc-OSU; 1.67 mg; 5.0 μmol), pyridine (160 μL; 1.99 mmol), and phenyl isothiocyanate (PITC; 18 μL; 0.150 mmol) per PED cycle was prepared (30:1 ratio of PITC:Fmoc-OSU). Approximately 5-10 beads were placed in the reaction vessel and washed with an excess of water, 300 μL of pyridine, and 300 μL of 2:1 pyridine in water containing 0.1% triethylamine (TEA). An aspirator with an attached solvent trap was used to evacuate the reaction vessel after each wash. The reaction vessel was removed from suction and the beads were suspended in 160 μL of the 2:1 pyridine in water solution containing 0.1% TEA. To this was added 160 μL of the PITC:Fmoc-OSU solution and the vessel was agitated on a vortex for six minutes. After draining the solution, the beads were washed with 300 μL of pyridine, an excess of dichloromethane (CH 2 Cl 2 ), and 300 μL of TFA. The vessel was removed from suction and the beads were suspended in 600 μL of TFA and agitated on the vortex for six minutes. The solution was removed and the beads were again suspended in 600 μL of TFA for another six minute agitation. Again the solution was removed and the beads were washed with an excess of CH 2 Cl 2 and 300 μL of pyridine. This procedure was repeated n times to generate the desired peptide ladder. The beads were then treated with 600 μL of 20% piperidine in DMF for five minutes with agitation in order to remove the Fmoc groups. The solution was drained and the beads were washed with 600 μL of DMF. This deprotection step was then repeated.
Beads were resuspended in TFA (0.5 mL) containing dimethyl sulfide (10 μL, 0.135 mmol) and ammonium iodide (12.5 mg, 0.09 mmol) to assure that the methionine was reduced. The beads were then incubated in an ice bath for 20 min, at which point the solution was drained, and the beads were washed three times with water. Individual beads were then transferred to separate microcentrifuge tubes and treated with 50 μL of 40 mg/mL CNBr in 0.1 M HCl for 12-16 h in the dark. The bead was then removed and excess CNBr, TFA, and water were removed under reduced pressure using an AES 1010 SpeedVac system. The cleaved SLs were redissolved in 10 μL of 0.1% TFA in water. For MS analyses, 1 μL of matrix containing saturated α-cyano-4-hydroxycinnamic acid (CHCA) in 50:50:0.1 acetonitrile/ water/TFA was applied on to a MALDI plate, and then mixed with 2 μL of the cleaved SL solution. Samples were then analyzed by MALDI-TOF MS.
PBA Removal and MS/MS analysis
To afford the removal of the boronic acid, the beads were incubated with 100 mM H 2 O 2 in water at 50 °C for 1 h. After washing with water three times, the peptide was cleaved from the resin as described previously and analyzed by MALDI-TOF MS and MS/MS techniques. Sequences were identified manually by comparing the mass differences between two adjacent MS/MS peaks.
Dab Fixed Position Library Hit Validation
To examine selectivity trends, hits were synthesized manually using Fmoc strategies as described above. Four individual portions of the beads (2 mg) were equilibrated in Screening Buffer for 10 min, and then tumbled with 1% BSA in Screening Buffer. Library beads (2 mg), used to normalize fluorescence intensity, were treated identically. Each of the four tubes was then individually incubated with 1.0 mL of 0.1 mg/ml FITC-OVA, BSM, PSM, or BSA for 20 h at 23 °C, at which point the beads were washed three times with PBS. Images of the resin were taken with a fluorescent microscope and data analyzed, as described above.
Screening of sSL2
Portions of SL2 were screened as previously described against 0.1 mg/mL FITC-OVA in Screening Buffer containing varying concentrations of sSL2 (i.e., 0, 1, 50, 100, 500, 1000, 5000, 10000 μM). Images were analyzed as previously described and the luminosity of resin incubated with FITC-OVA and sSL2 divided by the luminosity of resin only treated with FITC-OVA to provide a value for fraction bound.
Data Analysis
Percent Change in luminosity was calculated using eq 2.1,
where A equals the average luminosity of the library and B equals the average luminosity of resynthesized SLs (n=20). A selectivity factor was then determined by dividing each percent increase by the lowest percent increase for a particular SL. The PED procedure employed initially to sequence peptides involves several cycles of treating with a mixture of capping (Fmoc-OSU) and degradation (PITC) reagents, followed by TFA. After generating the peptide library, the Fmoc groups are removed, and the peptides are cleaved from the resin and analyzed by MALDI-TOF MS. MALDI-TOF analysis of Ala-H testing. MALDI-TOF analysis of Ala-BOH testing. MALDI-TOF analysis of Ala-OH testing. Plot of the percent change in luminosity (i.e., the percent change in binding of the SL over the library for any given analyte) of SL1, SL2, and SL2-Ala towards 4 different analytes, ovalbumin (OVA), bovine submaxillary mucin (BSM), porcine stomach mucin (PSM) and bovine serum albumin (BSA). Broadly speaking, SL1 is cross-reactive and SL2 is selective for OVA. Substitution of the boronic acid modified Dab moieties for Ala (SL2-Ala) results in essentially no binding, indicating the importance of the boronic acid-carbohydrate interaction for SL binding and selectivity. Soluble SL2 (sSL2) competes for FITC-OVA binding at millimolar concentrations, indicating that the multivalent nature of bead based SL2 is important for strong binding. Dde deprotection and reductive amination to attach the phenyl boronic acid moiety to the peptide backbone.
Scheme 2.
Hydrogen peroxide treatment oxidizes the phenyl boronic acid to the phenol and subsequent treatment with CNBr under acidic conditions cleaves the methyl phenol moiety from SLs altogether. It is suggested that this moiety is oxidized to the quinine methide. Table 1 Information about the SL libraries synthesized The fold-selectivity of an SL for one glycoprotein over another can be obtained by dividing their respective selectivity factors.
